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CONSPECTUS

l n modern analytical chemistry researchers pursue novel materials to meet anal- Sampling
ytical challenges such as improvements in sensitivity, selectivity, and detection J &
limit. Metal—organic frameworks (MOFs) are an emerging class of microporous
materials, and their unusual properties such as high surface area, good thermal 1
stability, uniform structured nanoscale cavities, and the availability of in-pore VTl
functionality and outer-surface modification are attractive for diverse analytical %
applications. This Account summarizes our research on the analytical applications of ~ SPE
MOFs ranging from sampling to chromatographic separation.

MOFs have been either directly used or engineered to meet the demands of
various analytical applications. Bulk MOFs with microsized crystals are convenient
sorbents for direct application to in-field sampling and solid-phase extraction. Capillary GC
Quartz tubes packed with MOF-5 have shown excellent stability, adsorption effidency,
and reprodudbility for in-field sampling and trapping of atmospheric formaldehyde. The 2D copper(ll) isonicotinate packed microcolumn
has demonstrated large enhancement factors and good shape- and size-selectivity when applied to on-line solid-phase extraction of
polycydic aromatic hydrocarbons in water samples. We have explored the molecular sieving effect of MOFs for the efficient enrichment of
peptides with simultaneous exdusion of proteins from biological fluids. These results show promise for the future of MOFs in peptidomics
research. Moreover, nanosized MOFs and engineered thin films of MOFs are promising materials as novel coatings for solid-phase
microextraction. We have developed an in situ hydrothermal growth approach to fabricate thin films of MOF-199 on etched stainless steel
wire for solid-phase microextraction of volatile benzene homologues with large enhancement factors and wide linearity.

Their high thermal stability and easy-to-engineer nanocrystals make MOFs attractive as new stationary phases to fabricate
MOF-coated capillaries for high-resolution gas chromatography (GC). We have explored a dynamic coating approach to fabricate a
MOF-coated capillary for the GC separation of important raw chemicals and persistent organic pollutants with high resolution and
excellent selectivity. We have combined a MOF-coated fiber for solid-phase microextraction with a MOF-coated capillary for GC
separation, which provides an effective MOF-based tandem molecular sieve platform for selective microextraction and high-
resolution GC separation of target analytes in complex samples.

Microsized MOFs with good solvent stability are attractive stationary phases for high-performance liquid chromatography
(HPLC). These materials have shown high resolution and good selectivity and reproducibility in both the normal-phase HPLC
separation of fullerenes and substituted aromatics on MIL-101 packed columns and position isomers on a MIL-53(Al) packed
column and the reversed-phase HPLC separation of a wide range of analytes from nonpolar to polar and acidic to basic solutes.
Despite the above achievements, further exploration of MOFs in analytical chemistry is needed. Especially, analytical application-
oriented engineering of MOFs is imperative for specific applications.

Introduction

Novel advanced materials have received great interest in
modern analytical chemistry because of their potential
analytical applications. Metal—organic frameworks (MOFs)
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are a new class of hybrid inorganic—organic microporous
crystalline materials self-assembled straightforwardly from
metal ions with organic linkers via coordination bonds. The
availability of various building blocks of metal ions and
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organiclinkers makes it possible to prepare an infinite number of
new MOFs with diverse structures, topologies, and porosity.'*
Owing to their fascinating structures and unusual properties,
such as permanent nanoscale porosity, high surface area, good
thermostability, and uniform structured cavities, MOFs have
great potential for diverse applications, such as hydrogen
storage, gas separation, catalysis, sensing, and bioimaging.>~'°

The diverse structures and unique properties also
make MOFs attractive for analytical applications (Table 1,
Figure 1)."' %' Recently, great efforts have been made in our
laboratory to explore MOFs for analytical chemistry. MOFs
have been either directly used or engineered to meet the
analytical challenges in sample collection, preconcentration,
extraction, and chromatographic separation to improve
sensitivity, selectivity, and detection limit. This Account
summarizes our research on the analytical applications of
MOFs. Specifically, five analytical applications of MOFs have
been explored in our laboratory: (1) bulk microsized MOFs as
sorbents for in-field sampling and solid-phase extraction
(SPE);'>'*'8 (2) nanosized MOFs and engineered thin films
of MOFs as coatings for solid-phase microextraction (SPME),
quartz crystal microbalance (QCM), and matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS);'*'819 (3) MOFs as stationary phases for
high-resolution gas chromatography (GQ);>4~252° (4) MOF-
based tandem molecular sieve platform for selective extrac-
tion and high-resolution GC;*° (5) microsized solvent-
resistant MOFs as stationary phases for high-performance
liquid chromatography (HPLC).34~3%3°

MOFs for In-Field Sampling and Adsorption

Volatile organic compounds (VOCs) are a major group of air
pollutants; development of good materials for efficient
sampling and trapping of VOCs is thus significant in envi-
ronmental and analytical sciences. With large surface area
and high thermostability, MOFs have great potential as
sorbents for sampling and enriching VOCs before GC—MS
analysis. Although IRMOF-1 has been used as sorbent for
trapping standard dimethyl methylphosphonate (DMMP)
gas for thermal desorption (TD) GC—MS, no such application
to real sample analysis have been reported.'’ Recently, we
have explored a MOF-5 packed quartz tube for in-field
sampling and preconcentration of atmospheric formalde-
hyde before TD-GC—MS determination (Figure 2a).'* Atmo-
spheric formaldehyde was simultaneously sampled and
preconcentrated on a MOF-5 packed quartz tube, then
thermally desorbed for GC-MS analysis. Formaldehyde was
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MIL-101

FIGURE 1. Structures of typical MOFs used in analytical chemistry.
Adapted and reproduced with permission from refs 4, 42, and 43.
Copyright 2008 Royal Society of Chemistry; Copyright 2008 and 2009
American Chemical Society.

likely adsorbed on zinc corner sites in MOF-5. MOF-5 provided
substantial benefits for trapping formaldehyde in indoor and
outdoor air with a relative humidity less than 45% (Figure 2b).
The recovery of formaldehyde on MOF-5 was 95% even 24 h
after sampling (Figure 20), allowing the analysis of samples
from rather remote areas, which necessitates a greater delay
between sampling and analysis in the laboratory. Even if
analysis was not possible on the same day, a recovery of 90%
was still obtained even after 72 h storage at 20 °C (Figure 20).
One tube packed with 300 mg of MOF-5 lasted 200 cycles of
adsorption/TD without significant loss of collection efficiency.
This MOF-5 based approach provides a fast (<10 min), highly
sensitive, and reproducible (2.8—5.3% relative standard de-
viation (RSD)) method for determination of atmospheric form-
aldehyde with wide linear range of 3 orders of magnitude and
low detection limit of 0.6 ug m~3. Porous MOF-5 with large
surface area and zinc corner sites is much more favorable to
the adsorption of formaldehyde than commercial sorbents
Tenax TA and Carbograph 1TD."'2

While bulk microsized MOFs are convenient for direct
application to in-field sampling/trapping VOCs, engineered
thin MOF films are suitable as novel coatings for sensitive
smart devices to detect VOCs. The elegant marriage of MOFs
and QCM offers an effective way for sensitive and selective
detection of volatile targets.'>*° Recently, we have em-
ployed a drop-coating method to fabricate thin MOF coat-
ings on QCM crystals and designed a simple device for MOF-
based QCM detection.'®> The developed device enables
probing of the adsorption of volatile targets on MOFs at
atmospheric pressure and around room temperature in N>
atmosphere and provides a promising tool for characterizing
MOFs. This MOF-based QCM system has been successfully
applied to measure adsorption isotherms and monitor
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FIGURE 2. (a) Sampling and desorption procedures on a MOF-5 packed
tube, (b) effect of relative humidity on formaldehyde sampling, and (c)
stability of formaldehyde adsorbed on MOF-5 in atmospheric air (30%
relative humidity) at 20 °C. Reproduced with permission from ref 12.
Copyright 2010 American Chemical Society.

dynamic processes for the adsorption of n-hexane, toluene,
methanol, butanone, dichloromethane, and n-butylamine on
MIL-101 (Figure 3). MIL-101 exhibited the strongest affinity and
the most heterogeneous adsorption sites for n-butylamine but
the weakest affinity and the most homogeneous adsorption
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sites for n-hexane. The metal sites within the MIL-101 are vital
in the adsorption process. MIL-101 gave much higher affinity
and higher adsorption capacity than activated carbon to VOCs,
offering great potential for real applications in the adsorption
and removal of VOCs.'?

MOFs for SPE and SPME

Besides in-field sampling and trapping, bulk microsized
MOFs with good solvent stability are also promising as
sorbents for SPE. In 2006, we demonstrated the application
of MOFs as sorbent for SPE of PAHs in water samples.'
Water-stable 2D copper(ll) isonicotinate MOF was packed on
a microcolumn for SPE online-coupled with HPLC. The
copper(ll) isonicotinate MOF is highly hydrophobic and
water stable; thus it is a possible sorbent for extracting
hydrophobic substances such as PAHs from aqueous solu-
tion. The enhancement factors of the PAHs depend on their
shape, size, and hydrophobic properties, ranging from 200
to 2337 for naphthalene, phenanthrene, anthracene, fluor-
anthene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, and benzo(ghi)perylene.

MOFs are also attractive for efficient enrichment of low-
abundance peptides and effective exclusion of high-abun-
dance proteins from biological samples before MALDI-TOF-
MS analysis. Such application is of great importance in
peptidomics research, especially for discovering disease-
associated biomarkers and elucidating biological and patho-
logical variation. Recently, we have utilized MIL-53, MIL-100,
and MIL-101 as sorbents to remove proteins and enrich
peptides in biological fluids.'® These MOFs have high sur-
face area, large pores, and good chemostability and bio-
compatibility, and their different pore windows have
resulted in different mass spectra patterns of the enriched
peptides despite similar composition and topology of MIL-
100 and MIL-101 (Figure 4ce,g). Lower molecular weight
peptides (<4200 Da) were effectively enriched on MIL-100
with the smallest pore window (5.6 and 8.6 A), while larger
molecular weight peptides (~8000 Da) were favorably
trapped on MIL-53 with the largest pore window (17 A).
Besides, these MOFs showed good ability to exclude high-
abundance proteins in human plasma (Figure 4). These
observations have provided a view to molecule sieving
effect of MOFs on nanometer scale for selective inclusion
and exclusion of large biomolecules.'®

Although bulk MOFs with microsized crystals are conve-
nient as sorbents for direct application to SPE, thin films/
coatings of MOFs are necessary for SPME application. For this
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FIGURE 3. Adsorption isotherms of (a) hexane and (b) n-butylamine on MIL-101 measured by MIL-101-modified QCM device. Solid lines refer to fitted
adsorption isotherms by Dubinin—Astakhov equation. Isosteric heats of adsorption for (c) hexane and (d) n-butylamine at different temperatures. The
dashed lines refer to the enthalpy of vaporization of hexane at 25 °C. Adapted and reproduced with permission from ref 13. Copyright 2011 American

Chemical Society.

reason, we have developed an in situ hydrothermal growth
approach to fabricate thin coatings of MOF-199 on etched
stainless steel wires.'® The fabricated MOF-199 coated fibers
were assembled into a homemade device for SPME of
benzene homologues before GC—MS analysis (Figure 5a).
The face-centered-cubic structure of MOF-199 contains
three types of pores, of which two larger square-shaped
pores (12 A) penetrate the basic structure in all three dimen-
sions and connect with pore windows of about 8.0 A,
providing selective extraction of analytes based on size-
selectivity.'®?*33 Meanwhile, MOF-199 possesses Lewis
acid coordination sites on the interior of the pore walls,
which greatly enhance the extraction ability based on
electron-selectivity and make MOF-199 more selective for
more electron-rich analytes.'® Compared with commercial
PDMS/DVB fibers, MOF-199 coated fiber gave much higher
enhancement factors for the SPME of benzene homologues
(Figure 5b). The MOF-199 coated fiber not only offered large
enhancement factors from 19613 (benzene) to 110860
(p-xylene) but also exhibited wide linearity with 3 orders of
magnitude, low detection limits of 8.3-23.3 ng L', and
good reproducibility of 2.0—7.7% (RSD) for benzene homo-
logues. The excellent performance of MOF-199 coated fiber
results from the combined effects of large surface area and
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unique porous structure of MOF-199, =— interaction of the
aromatic rings of analytes with the framework 1,3,5-benze-
netricarboxylic acid molecules, and z-complexation of elec-
tron-rich analytes to the Lewis acid sites in MOF-199."°

MOFs as Stationary Phases for GC

Since the first application of bulk MOF-508 as stationary
phase for packed column GC by Chen and co-workers,?° a
few other MOFs (MIL-47, MOF-5, and ZIF-8) have been also
reported for packed column GC.2' ~23 Because characteriza-
tion of MOFs as stationary phases by polarity is important to
screening MOFs for practical GC applications, we have
applied McReynolds indices for the classification of MOFs
to characterize MOF columns.®> Two zinc-terephthalate
MOFs (MOF-5 and MOF-monoclinic) with different structures
were used as examples. On the basis of the measured
McReynolds constants, MOF-5 was characterized as a non-
polar stationary phase, whereas MOF-monoclinic was char-
acterized as an intermediate polar stationary phase for GC.
Such dlassification of MOFs using McReynolds indices should
be helpful for the development of their chromatographic
applications.

Packed columns with bulk MOFs need gram-scale MOF
and lead to low resolution and separation efficiency and
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FIGURE 4. Mass spectra of human plasma obtained by MALDI-TOF-MS
before enrichment (a, b) and after enrichment with MIL-53 (c, d), MIL-100
(e, f), and MIL-101 (g, h). Reproduced with permission from ref 18.
Copyright 2011 Royal Society of Chemistry.

high-cost application of MOFs for GC. In contrast, the porous
layer open tube (PLOT) capillary columns permit a thin film
of MOFs coated on their inner walls to improve the resolving
power of MOFs and to save the dosage of MOFs for GC
applications.?* For these reasons, we have employed a
dynamic coating approach to fabricate the first MOF-coated
capillary for high-resolution GC.?>* MIL-101 was taken as
stationary phase due to its high surface area, large pores (29
and 34 A), accessible open metal sites, and excellent chemi-
cal and thermostability. Important targets (xylene isomers
and ethylbenzene (EB)) in industry and environmental
sciences were used as the analytes. Although separation of
xylene isomers and EB is challenging due to the similarity of
their boiling points, MIL-101 coated capillary gave a baseline
separation of p-xylene, o-xylene, m-xylene, and EB within
1.6 min without the need for temperature programming
(Figure 6¢). Such fast and high-resolution separation of
xylene isomers and EB has rarely been observed on either

Metal—-Organic Frameworks for Analytical Chemistry Gu et al.
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before GC analysis and (b) comparison of MOF-199 coated fiber with
commercial PDMS/DVB fiber for SPME of benzene homologues: 3.6 ug L™’
for benzene, toluene, ethylbenzene, p-xylene, styrene, and trimethylben-
zene and 4.6 ug L~ for chlorobenzene. Adapted and reproduced with
permission from ref 19. Copyright 2009 American Chemical Society.
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FIGURE 6. SEM images of (a) cross section of MIL-101 coated capillary and
(b) MIL-101 deposited on the inner wall of the capillary and chromatograms
on the MIL-101 coated capillary (15 m long x 0.53 mm i.d.) under a N, flow
rate of 3 mLmin~" at 160 °C of (¢) xylene isomers and EB (350 ng each) and
(d) 1,3,5-trimethylbenzene, n-propylbenzene, and isopropylbenzene (1.0 ug
each). Reproduced with permission from ref 24. Copyright 2010 Wiley-VCH.
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FIGURE 7. High-resolution separation of (a) 15 PCBs (1, PCB-281; 2, PCB-
52; 3, PCB-77; 4, PCB-81; 5, PCB-101; 6, PCB-105; 7, PCB-118; 8, PCB-
114, 9, PCB-126; 10, PCB-138; 11, PCB-153; 12, PCB-167; 13, PCB-156;
14, PCB-157; 15, PCB-169) on IRMOF-3 coated capillary (25 m long x
250umi.d.) at 280 °C, (b) PCBs on IRMOF-1 coated capillary (25 m long x
250 umi.d.) using a three-step temperature program of 180 °Cfor 2 min,
then 5 °C min~" to 290 °C, and finally 290 °C, (c) PAHs on IRMOF-1
coated capillary (25 mlong x 250 umi.d.) at 300 °C, (d) PBDEs on IRMOF-
1 coated capillary (25 mlong x 250 um i.d.) by a three-step temperature
program of 180 °Cfor 2 min, then 5 °C min~'t0310°C,and finally 310°C,
and (e) HCH isomers on IRMOF-1-coated capillary using a three-step
temperature program of 200 °C for 2 min, then 10 °C min~" to 280 °C,
and finally 280 °C. Reproduced with permission from ref 25. Copyright
2011 American Chemical Society.

previous packed MOF columns or other traditional capillary
columns. The excellent selectivity of MIL-101 coated capil-
lary originates not only from host—guest interactions but
also from accessible open metal sites and suitable polarity of
MIL-101.2* MIL-101 coated capillary also allows high-reso-
lution separation of other substituted benzene derivatives
and a mixture of alkanes (Figure 6d).>*

Because it is difficult to coat capillary with microsized
MOFs synthesized conventionally, we have developed a
1 min, room-temperature approach for synthesizing nano-
sized isoreticular MOFs (IRMOFs).2> Unlike other methods
for preparing nanosized IRMOFs, this method does not
require activation or usage of auxiliary stabilizing agents.
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FIGURE 8. Chromatograms on ZIF-8 coated capillary (20 m long x 0.25
mm i.d.) for GC separation: (a) hexane and its branched isomers; (b)
octane and its branched isomers; (c) 2,2-dimethyl-branched alkanes and
linear alkanes at a N flow rate of 1 mL min~" under 170 °C; (d) linear
alkanes at a N, flow rate of 1.5 mL min~" using a temperature program
of 140 °C for 1 min, then 20 °C min~" to 290 °C. Reproduced with
permission from ref 26. Copyright 2010 American Chemical Society.

The fabricated nanosized IRMOF-coated capillaries have been
applied for successful high-resolution GC separation of poly-
chlorinated biphenyls (PCBs), PAHs, polybrominated dipheny-
lethers (PBDEs), and hexachlorocyclohexanes (HCHs)
(Figure 7).>> These targets are important groups of persistent
organic pollutants (POPs) and have significant adverse impacts
on human health and environment due to their toxicity,
persistency, and bioaccumulation. Their separation is impor-
tant for environmental research but challenging because of
their high boiling points and similar chemical and physical
properties. The fabricated IRMOF-coated capillaries showed
high-resolution separation of POPs with good reproducibility,
great column efficdiency (2293 and 2063 platesm ™' for IRMOF-1
and IRMOF-3, respectively) and wide linear range with 3
orders of magnitude. In particular, the RMOF-1 coated capillary
offered a high-resolution separation of several intractable PAH
isomer pairs, such as anthracene/phenanthrene and benzo-
[blfluoranthene/benzolklfluoranthene, though they are difficult
to baseline-separate on commerdcal HP-5MS column.*®> The
IRMOF-1 and IRMOF-3 coated capillaries also offered group
separation of PCB isomers. Furthermore, IRMOF-3 (with amino
ligand) exhibited stronger interaction with PCBs, higher polarity,
and larger zero-coverage adsorption enthalpies than IRMOF-1
(without amino ligand).

The separation of linear alkanes from branched isomers
is a very important process in petroleum refining to improve
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FIGURE 9. Extracted ion chromatograms (EICs) of a petroleum-based fuel (a, b) and human serum (c, d) using a tandem ZIF-8 molecular sieve platform
(ZIF-8 based SPME followed by ZIF-8 based GC separation) (a, ¢), and a combination of PDMS/DVB SPME fiber with HP-5 capillary (30 mlong x 0.25 mm
i.d) (b, d). GC separation: ZIF-8 coated capillary (20 m long x 0.25 mm i.d.) at a He flow rate of 1 mL min~" using temperature programming (40 °Cfor 1
min, then 10 °Cmin~" to 290 °C), and HP-5 capillary at a He flow rate of 1 mLmin~" using temperature programming (30 °C for 3 min, then 5 °Cmin '
to 250 °Q). Reproduced with permission from ref 29. Copyright 2011 American Chemical Society.

the gasoline octane number and the low-temperature prop-
erties of aviation fuels; thus the process and mechanism of
such separations are always of great concern. Recently, we
have explored ZIF-8 as molecular sieving materials and
fabricated a ZIF-8 coated capillary for high-resolution se-
paration of alkanes.*® Owing to the narrow six-membered-
ring pore windows (3.4 A) and large pores (11.4 A), the ZIF-8
coated capillary has a strong ability to separate linear
alkanes from branched alkanes. Besides, the ZIF-8 coated
capillary offers excellent features for high-resolution separa-
tion of linear alkanes due to van der Waals interaction
between linear alkanes and the hydrophobic inner surfaces
of the micropores (Figure 8).

Although PLOT columns are widely used for GC separa-
tion, very limited materials such as nanoparticles of alumina,
carbon, silica, molecular sieve, and a few porous polymers
are currently suitable as the coatings for PLOT columns. The
large diversity in structure and pore size, high surface area,
good thermostability and adsorption affinity of MOFs have
provided great opportunity to fabricate various MOF-coated
PLOT columns for wide applications (even chiral
separation®’) of high-resolution GC. Development of in situ
growth techniques to produce firm chemically bonded thin

films of MOFs on the inner walls of capillary columns is thus
significant for promoting the practical applications of MOFs
in high-resolution GC.%®

MOF-Based Tandem Molecular Sieve as a
Dual Platform for Analysis of Complex
Samples

Although obvious molecular sieving effect has been ob-
served in SPME and GC separation, effective separation of
target analytes in complicated matrixes by individual MOF-
based SPME or GC is still difficult because SPME procedure
alone is hard to distinguish analytes with small difference in
the interaction with the MOF coating while MOF-based GC
alone is difficult to analyze complicated samples owing to
the limited column capacity and selectivity.'*°2° However,
an appropriate combination of MOF-coated fiber for SPME
with MOF-coated capillary for GC separation provides an
effective MOF-based tandem molecular sieve platform for
selective microextraction and high-resolution GC separation
of target analytes in complex samples.?® An elegant combi-
nation of ZIF-8 coated fiber for SPME with ZIF-8 coated
capillary for subsequent GC separation allows such dual
platform for selective and efficient determination of volatile
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FIGURE 10. Chromatograms on MIL-101(Cr)-packed column (5 cm long x
4.6 mm i.d) for five replicate separations: (a) EB and p-, m-, and o-xylene

(5uL, 1 gL~ each) using hexane/dichloromethane (95:5) as mobile phase

at 1 mLmin~"; (b) m-, p-, and o-dichlorobenzene (5 uL, 1 gL~ each) using

hexane/dichloromethane (90:10) as mobile phase at a flow rate of 0.5 mL
min~"'; () m-, p-, and o-chlorotoluene (5 uL, 1 g L~" each) using hexane/
dichloromethane (95:5) as mobile phase at 0.5 mL min~"; (d) EB, toluene,
styrene, and o-xylene (5 uL, 1 gL~ each) using hexane as mobile phase at
0.5 mLmin~". UV detection at 254 nm. Reproduced with permission from
ref 34. Copyright 2011 American Chemical Society.

n-alkanes in complex petroleum-based fuel and human
serum samples (Figure 9). Moreover, the combination of
ZIF-7 coated SPME fiber with MIL-101 coated capillary GC
offers strong power to selectively extract benzene homo-
logues and high-resolution separation of substituted ben-
zene derivatives.?® The large diversity in structure and pore
size allows various combinations of MOFs for desighing
MOF-based tandem molecular sieve platforms to achieve
different selectivity in extraction and chromatographic se-
paration and to solve problems in complex real sample
analysis.

MOFs as Stationary Phases for HPLC

Since the application of a glass tube column packed with a
homochiral Zn—organic framework in LC by Fedin and co-
workers,>° several other MOFs (MIL-47, MIL-53, MOF-5, and
HKUSK-1) have been reported for LC applications.?' 334
However, all the above-mentioned applications of MOFs in
HPLC employ a single nonpolar or low polar solvent as
mobile phase, even though the composition of mobile
phase can play significant roles in retention, resolution,
and selectivity. To explore the potential of MOFs for wide
HPLC applications, we have employed binary or polar mo-
bile phase for HPLC separation of substituted aromatics
on MIL-101(Cr) packed column, and position isomers on
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FIGURE 11. (a) Chromatograms for 13 replicate separations of Cgo and
C;0 and (b) separation of fullerenes in the toluene solution of carbon
soot (2.63 mg mL~") on MIL-101(Cr) packed column (5 cm long x

4.6 mm i.d.) with dichloromethane/acetonitrile (98:2) as mobile phase
at 1 mLmin~" with UV detection at 340 nm. Reproduced with permission
from ref 36. Copyright 2011 Wiley-VCH.

MIL-53(Al) packed column.?*3? The use of hexane/dichloro-
methane as mobile phase enables MIL-101(Cr) packed
column for baseline separation of EB and xylene, dichloro-
benzene, and chlorotoluene isomers and EB and styrene
with high column efficiency (20000 plates m~! for EB) and
excellent precision (<2.9% RSD) (Figure 10). The MIL-101(Cr)
packed column offers high affinity for the ortho-isomer,
allowing fast and selective separation of ortho-isomer from
other isomers within 3 min.3* The separation of xylene,
dichlorobenzene, and chlorotoluene on MIL-101(Cr) is con-
trolled by entropy change, while the separation of EB and
styrene on MIL-101(Cr) is governed by enthalpy change.?*
Moreover, the combination of hexane/dichloromethane or
dichloromethane/methanol binary mobile phase with MIL-
53(Al) packed column also gives reproducible and high-
resolution separations of xylene, dichlorobenzene, chloro-
toluene, and nitrophenol isomers based on entropy change
control.>®

MOFs are also promising materials for selective HPLC
separation of fullerenes. Recently, we have applied MIL-
101(Cr) packed column in combination with dichloro-
methane/acetonitrile (98:2) as mobile phase to high-resolu-
tion separation of fullerenes.>® Cgo and C;, were separated
on MIL-101(Cr) packed column at room temperature within
3 min with excellent selectivity (a(C;o/Ceo) = 17), much
better than those (a(C70/Cgo) = 1.5—7) obtained on previous
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FIGURE 12. Chromatograms on MIL-53(Al) packed column (7 cm long x
4.6 mm i.d.) forRP-HPLC separation using CH;CN/H,0 as mobile

phase at 1.0 mL min~": (a) EB and toluene; (b) PAHSs; () thiourea (1),
phenol (2), aniline (3), benzaldehyde (4), bromobenzene (5), and
naphthalene (6); (d) o-benzenediol, m-benzenediol, and p-benzenediol;
(e) aniline, N,N-dimethylaniline, and m-nitroaniline; (f) xanthine, theo-
phylline, and caffeine. Mobile phase composition (CH3CN/H,0, v/v): (a)
7:3; (b) 10:0; (d) 6:4; (d) 1:9; (e) 9:1; (f) 5:5. UV detection at 210 nm (a, ),
256 nm (b), 70 nm (f), and 280 nm (d, e). Reproduced with permission
from ref 39. Copyright 2012 Royal Society of Chemistry.

stationary phases®®), high column efficiency (13000
plates m~"! for Cyo), and good reproducibility (<1.7% RSD)
(Figure 11a). MIL-101(Cr) packed column also gave a high-
resolution separation of other high fullerenes such as Cyg,
Cyg, Cgo, Cga, Cgs, and Cog (Figure 11b). The excellent selec-
tivity of MIL-101(Cr) likely results from the difference in the
solubility of fullerenes in mobile phase, diffusion of full-
erenes through the pores of MIL-101(Cr), and z—x and van
der Waals interactions between fullerenes and the inner
walls of the pores of MIL-101(Cr).3®

Exploring the potential of MOFs in reversed-phase (RP)
HPLC applications (with a binary mixture of water and a
miscible polar organic solvent as mobile phase) is of great
significance because RP-HPLC is the most widely used tech-
nique for separation in life and environmental sciences and
biomedical research. However, publications on the applica-
tion of MOFs for RP-HPLC have been very limited so far. The
prerequisite for HPLC application is that the MOFs should
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have good stability in the RP mobile phase of HO/CH5CN or
H,O/CH30H. In a proof-of-concept study,>® we have ex-
plored MIL-53(Al) as a model RP stationary phase because
it is a three-dimensional framework with one-dimensional
lozenge-shaped pore channels with aromatic ring walls,
high surface area, suitable crystal size, and excellent chemi-
cal and solvent stability. MIL-53(Al) packed column allows
RP-HPLC separation of a wide range of analytes from non-
polar to polar and acidic to basic solutes with good resolu-
tion, selectivity, stability, and reproducibility (Figure 12). This
work may open a new avenue for broad applications of
MOFs in RP-HPLC separation.

The unique features of high porosity, shape selectivity,
and multiple active sites give MOF-packed columns greater
potential for HPLC based on the combined mechanisms of
size-exclusion, shape selectivity, and hydrophobicity than
C;g columns.®® However, current MOF-packed columns give
lower column efficiency than commercial C; g column due to
large particle size distribution and irregular shape of the
prepared MOFs.3? It is thus imperative to fabricate uniform
spherical particles of MOFs or MOF composites’ to improve
column efficiency for HPLC.

Conclusion and Outlook

In this Account, we have summarized our recent achieve-
ments on MOFs for analytical chemistry. The analytical
applications of MOFs have covered most important aspects
of modern analytical chemistry. All of the analytes targeted
are of environmental, biological, or industrial significance.
Also, MOFs have been engineered to specific forms such as
columns, fibers, and films to meet various analytical chal-
lenges and to improve analytical sensitivity and selectivity.

There is still great room for further exploration of MOFs
for analytical applications. Moisture, water, or other solvent
stable MOFs are needed not only in the applications in
humid atmosphere but also in environmental and biological
related research for the analysis of pollutants and biomole-
cules in aqueous solution. Precise control for engineering
MOFs to films, 2D patterns, and 3D structures is necessary for
facilitating the fabrication of smart multifunctional devices
to explore the practical applications and to meet analytical
challenges for biological and environmental research. Com-
bination of MOF and other materials to build multifunctional
composites such as MOF/nanoparticles, MOF/graphene,
MOF/silica, and MOF/organic polymers is also a solution to
improving analytical performance. In the near future, great
effort should be made to explore more practical analytical
uses of MOFs, to make full use of currently available MOFs

Vol. 45,No. 5 = 2012 = 734-745 = ACCOUNTS OF CHEMICAL RESEARCH = 743



Metal—-Organic Frameworks for Analytical Chemistry Gu et al.

to solve analytical problems, and to design specific MOFs for
special analytical challenges.

This work was supported by the National Natural Science Foun-
dation of China (Grant 20935001), the National Basic Research
Program of China (Grant 2011CB707703), and the Fundamental
Research Funds for the Central Universities.

BIOGRAPHICAL INFORMATION

Zhi-Yuan Gu received B.S. (2006) in Chemistry and Ph.D. (2011)
in Chemistry from Nankai University. His research interests include
advanced materials for analytical chemistry.

Cheng-Xiong Yang received B.S. in Pharmaceutical Sciences
from Jiangxi Medical College (2005) and M.S. in Pharmaceutical
Science from Tianjin University (2008). He is now a Ph.D. candidate
in Chemistry at Nankai University. His current research focuses on
advanced materials for analytical chemistry.

Na Changreceived B.S. (2007) and M.S. (2009) in Chemistry from
China Agricultural University. She is now a Ph.D. candidate in
Chemistry at Nankai University. Her research interests include
advanced materials for analytical chemistry.

Xiu-Ping Yan graduated from Taizhou University in China (1981),
received M.S. in Analytical Chemistry from Dalian Institute of Chemi-
cal Physics, China (1987), and Ph.D. in Environmental Chemistry from
Research Center for Eco-Environmental Sciences, China (1993). Now
he is Cheung Kong Distinguished Professor at Nankai University in
China. His research interests focus on hyphenated techniques and
advanced materials for environmental analysis and bioanalysis.

FOOTNOTES

*Corresponding author. E-mail: xpyan@nankai.edu.cn.
The authors declare no competing financial interest.

REFERENCES

1 Yaghi, 0. M.; O'Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.; Kim, J. Reticular
Synthesis and the Design of New Materials. Nature 2003, 423, 705-714.

2 Kitagawa, S.; Kitaura, R.; Noro, S. Functional Porous Coordination Polymers. Angew.
Chem., Int. Ed. 2004, 43, 2334-2375.

3 Eddaoudi, M.; Moler, D. B.; Li, H. L.; Chen, B. L.; Reineke, T. M.; O'Keeffe, M.; Yaghi, O. M.
Modular Chemistry: Secondary Building Units as a Basis for the Design of Highly Porous and
Robust Metal-Organic Carboxylate Frameworks. Acc. Chem. Res. 2001, 34, 319-330.

4 Férey, G. Hybrid Porous Solids: Past, Present, Future. Chem. Soc. Rev. 2008, 37, 191—
214,

5 Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Selective Gas Adsorption and Separation in Metal-
Organic Frameworks. Chem. Soc. Rev. 2009, 38, 1477-1504.

6 Li,J.-R.; Sculley, J.; Zhou, H.-C. Metal—Organic Frameworks for Separations. Chem. Rev.
2012, 112, 863-932.

7 Cychosz, K. A;; Ahmad, R.; Matzger, A. J. Liquid Phase Separations by Crystalline
Microporous Coordination Polymers. Chem. Sci. 2010, 1, 293-302.

8 Chen, B,; Xiang, S.; Qian, G. Metal—Organic Frameworks with Functional Pores for
Recognition of Small Molecules. Acc. Chem. Res. 2010, 43, 1115-1124,

9 Cui, Y. J.; Yue, Y. F.; Qian, G. D.; Chen, B.-L. Luminescent Functional Metal-Organic
Frameworks. Chem. Rev. 2012, 112, 1126-1162.

10 Della Rocea, J.; Liu, D. M.; Lin, W. B. Nanoscale Metal—QOrganic Frameworks for
Biomedical Imaging and Drug Delivery. Acc. Chem. Res. 2011, 44, 957-968.

11 Ni, Z.; Jerrell, J. P.; Cadwallader, K. R.; Masel, R. I. Metal—QOrganic Frameworks as
Adsorbents for Trapping and Preconcentration of Organic Phosphonates. Anal. Chem.
2007, 79, 1290-1293.

744 = ACCOUNTS OF CHEMICAL RESEARCH = 734-745 = 2012 = Vol. 45, No. 5

12 Gu, Z.-Y.; Wang, G.; Yan, X.-P. MOF-5 Metal—Organic Framework as Sorbent for In-Field
Sampling and Preconcentration in Combination with Thermal Desorption GC/MS for
Determination of Atmospheric Formaldehyde. Anal. Chem. 2010, 82, 1365—1370.

13 Huang, C.-Y.; Song, M.; Gu, Z.-Y.; Wang, H.-F.; Yan, X.-P. Probing the Adsorption
Characteristic of Metal—Organic Framework MIL-101 for Volatile Organic Compounds by
Quartz Crystal Microbalance. Environ. Sci. Technol. 2011, 45, 4490-4496.

14 Zhou, Y. Y.; Yan, X. P.; Kim, K. N.; Wang, S. W.; Liu, M. G. Exploration of Coordination
Polymer as Sorbent for Flow Injection Solid-Phase Extraction On-Line Coupled With High-
Performance Liquid Chromatography for Determination of Polycyclic Aromatic Hydrocar-
bons in Environmental Materials. J. Chromatogr. A 2006, 1116, 172—178.

15 Viana de Carvalho, P. H.; Santos Barreto, A.; Rodrigues, M. O.; de Menezes Prata, V.;
Barreto Alves, P.; de Mesquita, M. E.; Alves Jinior, S.; Navickiene, S. Two-Dimensional
Coordination Polymer Matrix for Solid-Phase Extraction of Pesticide Residues from Plant
Cordia Salicifolia. J. Sep. Sci. 2009, 32, 2132—2138.

16 Barreto, A. S.; daSilva, R. L.; dos Santos Silva, S. C. G.; Rodrigues, M. O.; de Simone, C. A.;
de S4, G. F.; Junior, S. A.; Navickiene, S.; de Mesquita, M. E. Potential of a Metal—Organic
Framework as a New Material for Solid-Phase Extraction of Pesticides from Lettuce (Lactuca
sativa), with Analysis by Gas Chromatography-Mass Spectrometry. J. Sep. Sci. 2010, 33,
3811-3816.

17 Ge, D.; Lee, H. K. Water Stability of Zeolite Imidazolate Framework 8 and Application to
Porous Membrane-Protected Micro-solid-Phase Extraction of Polycyclic Aromatic Hydro-
carbons from Environmental Water Samples. J. Chromatogr. A2011, 1218, 8490-8495.

18 Gu, Z-Y.; Chen, Y.-J.; Jiang, J.-Q.; Yan, X.-P. Metal-Organic Frameworks for Efficient
Enrichment of Peptides with Simultaneous Exclusion of Proteins from Complex Biological
Samples. Chem. Commun. 2011, 47, 4787—-4789.

19 Cui, X.-Y.; Gu, Z.-Y.; Jiang, D.-Q.; Li, Y.; Wang, H.-F.; Yan, X.-P. In Situ Hydrothermal
Growth of Metal—Organic Framework 199 Films on Stainless Steel Fibers for Solid-Phase
Microextraction of Gaseous Benzene Homologues. Anal. Chem. 2009, 81, 9771-9777.

20 Chen, B; Liang, C.; Yang, J.; Contreras, D. S.; Clancy, Y. L.; Lobkovsky, E. B.; Yaghi, 0. M.;
Dai, S. A Microporous Metal-Organic Framework for Gas-Chromatographic Separation of
Alkanes. Angew. Chem., Int. Ed. 2008, 45, 1390-1393.

21 Finsy, V.; Verelst, H.; Alaerts, L.; De Vos, D.; Jacobs, P. A.; Baron, G. V.; Denayer, J. F. M.
Pore-Filling-Dependent Selectivity Effects in the Vapor-Phase Separation of Xylene Isomers
on the Metal—Qrganic Framework MIL-47. J. Am. Chem. Soc. 2008, 130, 7110-7118.

22 Luebbers, M. T.; Wu, T.; Shen, L.; Masel, R. I. Effects of Molecular Sieving and Electrostatic
Enhancement in the Adsorption of Organic Compounds on the Zealitic Imidazolate
Framework ZIF-8. Langmuir 2010, 26, 15625-15633.

23 Gu, Z.-Y.; Jiang, D.-Q.; Wang, H.-F.; Cui, X.-Y.; Yan, X.-P. Adsorption and Separation of
Xylene Isomers and Ethylbenzene on Two Zn—Terephthalate Metal—Organic Frameworks.
J. Phys. Chem. C 2010, 114, 311-316.

24 Gu, Z.-Y.; Yan, X.-P. Metal-Organic Framework MIL-101 for High-Resolution Gas
Chromatographic Separation of Xylene Isomers and Ethylbenzene. Angew. Chem., Int. Ed.
2010, 49, 1477-1480.

25 Gu, Z.-Y.; Jiang, J.-Q.; Yan, X.-P. Fabrication of Isoreticular Metal—Organic Framework
Coated Capillary Columns for High-Resolution Gas Chromatographic Separation of
Persistent Organic Pollutants. Anal. Chem. 2011, 83, 5093-5100.

26 Chang, N.; Gu, Z.-Y.; Yan, X.-P. Zeolitic Imidazolate Framework-8 Nanocrystal Coated
Capillary for Molecular Sieving of Branched Alkanes from Linear Alkanes along with High-
Resolution Chromatographic Separation of Linear Alkanes. J. Am. Chem. Soc. 2010, 132,
13645-13647.

27 Xie, S.-M.; Zhang, Z.-J.; Wang, Z.-Y.; Yuan, L.-M. Chiral Metal—Organic Frameworks for
High-Resolution Gas Chromatographic Separations. J. Am. Chem. Soc. 2011, 133,
11892-11895.

28 Miinch, A. S.; Seidel, J.; Obst, A.; Weber, E.; Mertens, F. O. R. L. High-Separation
Performance of Chromatographic Capillaries Coated with MOF-5 by the Controlled SBU
Approach. Chem.—¢ur. J. 2011, 17, 10958—10964.

29 Chang, N.; Gu, Z.-Y.; Wang, H.-F.; Yan, X.-P. Metal—Organic-Frameworks-Based Tandem
Molecular Sieves as a Dual Platform for Selective Microextraction and High Resolution Gas
Chromatographic Separation of n-Alkanes in Complex Matrixes. Anal. Chem. 2011, 83,
7094-7101.

30 Nuzhdin, A. L.; Dybtsev, D. N.; Bryliakov, K. P.; Talsi, E. P.; Fedin, V. P. Enantioselective
Chromatographic Resolution and One-Pot Synthesis of Enantiomerically Pure Sulfoxides
over a Homochiral Zn-Organic Framework. J. Am. Chem. Soc. 2007, 129, 12958—12959.

31 Alaerts, L.; Kirschhock, C. E. A.; Maes, M.; van der Veen, M. A,; Finsy, V.; Depla, A.;
Martens, J. A.; Baron, G. V.; Jacobs, P. A.; Denayer, J. F. M.; De Vos, D. E. Selective
Adsorption and Separation of Xylene Isomers and Ethylbenzene with the Microporous
Vanadium(lV) Terephthalate MIL-47. Angew. Chem., Int. Ed. 2007, 46, 4293-4297.

32 Alaerts, L.; Maes, M.; Giebeler, L.; Jacobs, P. A.; Martens, J. A.; Denayer, J. F. M.;
Kirschhock, C. E. A.; De Vos, D. E. Selective Adsorption and Separation of Ortho-Substituted
Alkylaromatics with the Microporous Aluminum Terephthalate MIL-53. J. Am. Chem. Soc.
2008, 130, 14170-14178.

33 Ahmad, R.; Wong-Foy, A. G.; Matzger, A. J. Microporous Coordination Polymers as
Selective Sorbents for Liquid Chromatography. Langmuir 2009, 25, 11977-11979.



34 Yang, C.-X.; Yan, X.-P. Metal—Organic Framework MIL-101(Cr) for High-Performance
Liquid Chromatographic Separation of Substituted Aromatics. Anal. Chem. 2011, 83,
7144-7150.

35 Yang, C.-X;; Liu, S.-S.; Wang, H.-F.; Wang, S.-W.; Yan, X.-P. High-Performance Liquid
Chromatographic Separation of Position Isomers on Metal-Organic Framework MIL-53(Al).
Analyst 2012, 137, 133-139.

36 Yang, C.-X.; Chen, Y.-J.; Wang, H.-F.; Yan, X.-P. High-Performance Separation of
Fullerenes on Metal-Organic Framework MIL-101(Cr). Chem.—Eur. J. 2011, 17,11734—
11737.

37 Ameloot, R.; Liekens, A.; Alaerts, L.; Maes, M.; Galarneau, A.; Coq, B.; Desmet, G.; Sels,
B. F.; Denayer, J. F. M.; De Vos, D. E. Silica—MOF Composites as a Stationary Phase in
Liquid Chromatography. Eur. J. Inorg. Chem. 2010, 3735-3738.

38 Centrone, A.; Santiso, E. E.; Hatton, T. A. Separation of Chemical Reaction Intermediates by
Metal—Organic Frameworks. Small 2011, 7, 2356—-2364.

Metal—-Organic Frameworks for Analytical Chemistry Gu et al.

39 Liu, S.-S; Yang, C.-X.; Wang, S.-W.; Yan, X.-P. Metal-Organic Frameworks for Reverse-
Phase High-Performance Liquid Chromatography. Analyst 2012, 137, 816-818.

40 Biemmi, E.; Darga, A.; Stock, N.; Bein, T. Direct Growth of Cus(BTC)»(Ho0)3 - XHo0 Thin
Films on Modified QCM-Gold Electrodes - Water Sorption Isotherms. Microporous
Mesoporous Mater. 2008, 114, 380-386.

41 Han, S.; Wei, Y.; Valente, C.; Lagz, I.; Gassensmith, J. J.; Coskun, A.; Stoddart, J. F.;
Grzybowski, B. A. Chromatography in a Single Metal—Organic Framework (MOF) Crystal. J.
Am. Chem. Soc. 2010, 132, 16358-16361.

42 Llewellyn, P. L.; Bourrelly, S.; Serre, C.; Vimont, A.; Daturi, M.; Hamon, L.; De Weireld, G.;
Chang, J.-S.; Hong, D.-Y.; Kyu Hwang, Y.; Hwa Jhung, S.; Férey, G. High Uptakes of CO,
and CH, in Mesoporous Metal Organic Frameworks MIL-100 and MIL-101. Langmuir
2008, 24, 7245-7250.

43 Chapman, K. W.; Halder, G. J.; Chupas, P. J. Pressure-Induced Amorphization and Porosity
Modification in a Metal-Organic Framework. J. Am. Chem. Soc. 2009, 131, 1754617547

Vol. 45,No. 5 = 2012 = 734-745 = ACCOUNTS OF CHEMICAL RESEARCH = 745



